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HYDROGEN OCCLUDING MATERIAL AND METHOD FOR USE THEREOF 

Technical Field 

The present invention relates to a hydrogen occluding 
material and a method for using it. 
Background Art 

Since the Industrial Revolution, fossil fuels such as 
gasoline and light oil have come into general use as the 
power source for automobiles, electric power generation, 
and others in many branches of industry. Use of fossil 
fuels has greatly contributed to the development of indus- 
try which in turn has improved the living standard of hioman 
being. 

On the other side of the coin, the earth is facing a 
serious environmental disruption. Moreover, there is a 
widespread skepticism about the long-term stable supply of 
fossil fuels. 

Under these circiomstances, hydrogen fuel is attracting 
attention as a clean energy source that will replace fossil 
fuels. This is because hydrogen fuel emits nothing but 
water after combustion. 

Considerable attention has been devoted to the devel- 
opment of a new material capable of efficient storage and 
evolution of hydrogen and easy transportation. Hydrogen is 
usually stored in the form of compressed gas, liquefied gas, 
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or occluded gas in a special alloy. Storage in the form of 
compressed or liquefied gas poses a problem with heavy 
containers inconvenient for transportation. Storage in the 
form of occluded gas is not yet commercialized on account 
of high price and heavy weight - 

It has recently been reported that NaAlH4 undergoes 
reversible hydrogenation and dehydrogenation at about 150°C 
in the presence of a catalyst metal such as Ti and Zr, as 
shown below. 

(Journal of Alloys and Compounds, 253-254 (1997), 1-9; ^and 
Published Japanese Translation of PCT international pxibli- 
cation for patent application No. Hei-11-510133) 

3NaAlH4 ^ ^ NasAlHe + 2A1 + 3H2 ... (1) 
NasAlHe ^ ^ 3NaH + Al + 3/2H2 ... (2) 
NaAlH4 < ^ NaH + Al + 3/2H2 ... (3) 

In other words, it is known that NaAlH4 (which is a solid) 
undergoes hydrogenation and dehydrogenation in two stages. 
First, thermal dissociation takes place to decompose NaAlH4 
into NasAlHs and metallic aluminum, thereby releasing hy- 
drogen (in stage (1) shown above) . Then, NaaAlHe decom- 
poses further into NaH and Al, thereby releasing hydrogen, 
at a higher temperature (in stage (2) shown above) . The 
entire steps of hydrogenation and dehydrogenation for 
NaAlH4 are represented by equation (3) above. Dissociation 
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of NaH into Na and H takes place at a considerably high 
temperature, say, 650°C or above. Incidentally, the amount 
of hydrogen evolved is about 3.8 wt% of NaAlH4 in stage (1) 
and about 1.9 wt% of NaAlH4 in stage (2). The reaction 
proceeds rightward as the temperature increases and left- 
ward as the pressure of hydrogen increases. 

Alanate (XAIH4, where X = Na, Li, etc.) typified by 
NaAlH4 mentioned above is going to find use as a new hydro- 
gen occluding material differing in the mode of reaction 
from conventional hydrogen occluding alloys. It does not 
need complex initial activating treatment. It can be made 
into a hydrogen occluding material easily by milder reac- 
tions than alloys. It is lighter in weight than conven- 
tional alloys. Because of these advantages, this material 
is under intensive study for the development of new hydro- 
gen occluding materials. Now, ^'the method for hydrogen 
occlusion by catalytic reactions'' is opening up a new area. 

However, NaAlH4 still has room for improvement. It is 
limited in the amount of hydrogen released (which is theo- 
retically 5.6 wt%) even though it undergoes the two stages 
completely. It is required to have a larger capacity for 
hydrogen storage. Moreover, the two-stage reaction for 
NaAlH4 is undesirable in actual use; one-stage reaction is 
only practical. Attempts have been made so far to lower 
the hydrogen release temperature with the help of a cata- 
lyst; however, the object is not achieved yet. 

The present invention was completed to address the 
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above-mentioned problem. It is an object of the present 
invention to provide a hydrogen occluding material which 
occludes much more hydrogen than conventional alkali metal 
hydride (such as NaAlH4) through reversible reactions and 
yet permits hydrogen occlusion and release in one stage at 
a lower operating temperature. It is another object of the 
present invention to provide a method for using said hydro- 
gen occluding material. 
Disclosure of the Invention 

The present invention is directed to a hydrogen oc- 
cluding material which comprises an aluminum hydride repre- 
sented by the formula (1) below. 

AlHx ... (1) 

(where 0 < x < 3 . ) 

The present invention is directed also to a method for 
using a hydrogen occluding material, said method comprising 
hydrogenating and/or dehydrogenating at 200°C or below a 
hydrogen occluding material composed of an aluminum hydride 
represented by the formula (1) below. 

AlHx ... (1) 

(where 0 < x ^ 3 . ) 

The present inventors studied the possibility of 
using NaAlH4 as a hydrogen occluding material by causing it 
to support a catalyst. In the course of their study, the 
present inventors theorized as follows the mechanism by 
which NaAlH4 decomposes on the catalyst. 
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3[ (NaH) (AlHs) ] 3{NaH)(AlH3) +2AIH3 (4) 

3(NaH)(AlH3) ^ 3NaH + AIH3 ... (5) 

NaAlH4 ^ NaH + AIH3 (6) 

AIH3 + catalyst -> Al + 3/2H2 ... (7) 



The formulas (4) to (7) above represent the ordinary 
process of decomposition of NaAlH4. In other words, they 
show that AIH3 migrates through the NaAlH4 compound until 
it comes into contact with the catalyst which is present 
near the surface, and then it decomposes into metallic 
aluminum and hydrogen, as represented by the formula (7) . 

With the foregoing in mind, the present inventors 
studied the possibility of isolating AIH3 alone and using 
it as a new hydrogen occluding material. Assuming that 
AIH3 has a simple structure and decomposes in one stage, it 
would release as much hydrogen as 10.0 wt% theoretically. 

According to the present invention, the hydrogen oc- 
cluding material is the aluminum hydride represented by the 
formula (1) above, which is capable of occluding and/or 
releasing hydrogen in one stage at a low temperature. 

Based on their unique insight, the present inventors 
carried out extensive researches and experiments to prove 
the usefulness of the above-mentioned aluminum hydride as a 
hydrogen occluding material. It was found that the alumi- 
num hydride permits a large amount of hydrogenation and/or 
dehydrogenation in one stage at a low temperature. This 
finding led to the present invention. 



Brief Description of the Drawings 

Fig. 1 is a graph showing the amount of hydrogen re- 
leased from AIH3 (as a hydrogen occluding material accord- 
ing to the present invention) and NaAlH4 (for comparison) . 

Fig. 2 is an X-ray diffraction pattern of AIH3 powder. 

Fig. 3 is a graph showing that AIH3 changes in the 
amount of hydrogen release upon mechanical crushing by a 
ball mill. 

Fig. 4 is a graph showing that AIH3 changes in the 
amount of hydrogen release upon incorporation with titanium 
as a catalyst. 

Fig. 5 is a graph showing how AIH3 varies in the 
amount of hydrogen release depending on whether mechanical 
mixing is performed under the atmosphere of H2 or Ar (both 
at 100 atm) . 

Fig. 6 is a schematic sectional view showing the elec- 
trochemical device (or fuel cell) provided with the hydro- 
gen occluding composite material according to the present 
invention . 

Best Mode for Carrying out the Invention 

The invention will be described in more detail with 
reference to the following examples. 

The hydrogen occluding material according to the pre- 
sent invention is one which is capable of hydrogenation 
and/or dehydrogenation at 200°C or below. To be concrete, 
it occludes and releases hydrogen gas (in the form of ei- 
ther molecules or atoms) at a properly controlled pressure 
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and temperature. 

Moreover, the hydrogen occluding material according to 
the present invention is an aluminum hydride mentioned 
above; however, it may contain a dopant which functions as 
a catalyst. 

The dopant promotes the reversible hydrogenation 
and/or dehydrogenation at a lower temperature. 

The hydrogen occluding composite material according to 
the present invention, which is composed of the aluminum 
hydride and the dopant, should preferably be produced by 
mixing the aluminum hydride with the doping substance. 
Mixing may be easily accomplished by mechanical stirring. 

The dopant may be at least one species selected from 
transition metals belonging to groups III to V of the peri- 
odic table, chromiiom, iron, nickel, and alkali metals. The 
transition metals include Sc, Y, Ti, Zr, Hf, V, Nb, and Ta, 
and the alkali metals include Li, Na, K, Rb, and Cs. These 
metals may also be used in the form of alloys. In a pre- 
ferred embodiment, these metals may be used in the form of 
alcoholate, halide, hydride, organometallic compound, or 
intermetallic compound. They may be used in combination 
with one another. 

The dopant should be used in an amount of 0.2 to 10 
mol%, preferably 1 to 5 mol%, based on the aluminum hydride 
mentioned above. In the case where the transition metal is 
in the highly oxidized state, it is possible to reduce it 
to the low oxidized state (with a low valence) by the alu- 
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minum hydride which is present in an excess amount during 
doping process. 

Moreover, the hydrogen occluding material according to 
the present invention should preferably be used in the form 
of fine powder, so that it is capable of hydrogenation 
'and/or dehydrogenation at a lower temperature- The desired 
fine powder can be obtained by mechanical stirring. 

Incidentally, the aluminum hydride mentioned above may 
be used as such or in the form of fine powder with doping. 
Either will do. 

The aluminum hydride according to the present inven- 
tion may be prepared by chemical synthesis. Several meth- 
ods for chemical synthesis have been proposed, and they 
have very little effect on hydrogen release. 

The hydrogen occluding material according to the pre- 
sent invention is suitable for a variety of electrochemical 
devices. Such an electrochemical device may be composed of 
a first electrode, a second electrode, and a proton (H"^) 
conductor held between the two electrodes. The first elec- 
trode is supplied with hydrogen, and the second electrode 
is supplied with oxygen. The hydrogen occluding material 
according to the present invention is used for the hydrogen 
gas supply unit connected to the first electrode. The 
electrochemical device constructed in this manner exhibits 
good output characteristics because of efficient hydrogen 
gas supply. 

The proton conductor includes Nafion and fullerene 
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derivatives (such as fullerenol which is fullerene polyhy- 
droxide) . The proton conductor based on fullerene deriva- 
tives is disclosed in WOOl/06519. 

The fullerene derivative as the proton conductor may 
be used alone or in combination with a binder. 

The present invention is embodied in an electrochemi- 
cal device as a fuel cell in which the hydrogen occluding 
material according to the present invention is used for the 
hydrogen supply unit and the fullerene derivative is singly 
used as the proton conductor. The proton conductor in this 
case is a film formed by pressing from the fullerene de- 
rivative . 

Fig. 6 shows the construction of the electrochemical 
device as a fuel cell. This fuel cell is made up of a 
negative electrode 3 (fuel electrode or hydrogen electrode)^ 
a positive electrode 4 (oxygen electrode), and a proton 
conductor 5 held between these two electrodes. The nega- 
tive and positive electrodes have terminals 1 and 2, re- 
spectively. At the time of operation, the negative elec- 
trode 3 is supplied with hydrogen from the hydrogen gas 
supply unit 6, and hydrogen is discharged from the outlet 7 
(which may be omitted) . While passing through the channel 
8, the fuel (H2) generates protons which migrate, together 
with protons evolved from the proton conductor, toward the 
positive electrode 4. These protons react with oxygen 
(air) which enters the channel 10 from the inlet 9 and 
flows toward the outlet 10. This reaction generates an 
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electromotive force as desired. 

The fuel cell mentioned above exhibits good output 
characteristics because of efficient hydrogen supply at- 
tributable to the hydrogen occluding material according to 
the present invention. 

Moreover, the fuel cell is characterized by a high 
hydrogen ion conductivity because dissociation of hydrogen 
ions takes place in the negative electrode 3 and further 
dissociation of hydrogen ions takes place in the proton 
conductor while hydrogen ions supplied from the negative 
electrode 3 are migrating toward the positive electrode 4. 
The high hydrogen ion conductivity eliminates the humidi- 
fier which is necessary when Nafion is used as the proton 
conductor. This permits the system to be simplified and 
lightened and helps the electrode to improve in current 
density and output characteristics. 

Incidentally, the fuel cell mentioned above may be 
modified such that the proton conductor, which is the 
fullerene derivative in the form of press-formed film held 
between the first and second electrodes, is replaced by a 
fullerene derivative bonded with a binder. The proton 
conductor containing a binder has sufficient strength. 

The binder may be selected from any known polymeric 
materials capable of forming a film, such as polyfluoro- 
ethylene, polyvinylidene fluoride, and polyvinyl alcohol. 
They may be used alone or in combination. The amount of 
the binder should be no more than 20 wt% of the proton 
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conductor. The binder in an excess amount will lower the 
conductivity of hydrogen ions . 

The proton conductor containing a binder also exhibits 
good hydrogen ion conductivity like the proton conductor 
consisting essentially of fullerene derivative because it 
contains the fullerene derivative mentioned above as the 
proton conductor. 

Unlike the one consisting solely of the fullerene 
derivative, it can be made into film (owing to the poly- 
meric material incorporated therein) and is stronger than 
the product molded by compression from a powder of full- 
erene derivative. Therefore, it can be used as a flexible 
ion conducting thin film (300 Hm or less in thickness) 
capable of blocking gas permeation. 

A thin film of proton conductor composed of the above- 
mentioned fullerene derivative and binder can be produced 
by any known method such as pressure molding and extrusion 
molding. 

In the above-mentioned electrochemical device, the 
proton derivative is not specifically restricted. Any 
material can be used so long as it is capable of conducting 
hydrogen ions. It includes, for example, fullerene deriva- 
tives (such as hydrated fullerene and fullerenol sulfate 
ester) and Nafion. 

EXAMPLES 

The invention will be described in more detail with 
reference to the following examples, which are not intended 
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to restrict the scope thereof. 

All experiments in the examples were carried out under 
a specific atmosphere (for example, argon atmosphere) . 
Chemicals used in experiments were of reagent grade. 
Comparative Example 1 

Test for hydrogen release was conducted to observe the 
behavior of NaAlH4 used alone. (NaAlH4 is a product of 90% 
purity, from Aldrich.) Hydrogen release was expressed in 
terms of pressure change versus temperature at normal pres- 
sure. The sample was heated from room temperature to 300°C 
at a rate of 2°C/min, and the amount of hydrogen released 
during heating was measured. The results of measurement 
are shown in Fig. 1, together with the results of measure- 
ment in Examples. 
Example 1 

AIH3 as the aliaminum hydride mentioned above was syn- 
thesized according to the formula (8) below. 

LiAlH4 + AICI3 -> A1H3>I^ + LiCli ... (8) 

After the reaction was completed, the resulting sample 
was tested by powder X-ray dif f ractometry . A diffraction 
pattern as shown in Fig. 2 was obtained, which suggests 
high-purity AIH3 (JCPDS file, #23-0761). 

The thus obtained AIH3 was tested for hydrogen release 
by observing the pressure change versus temperature at 
normal pressure. The sample was heated from room tempera- 
ture to 2 00°C at a rate of 2*^C/min. The amount of hydrogen 
released during heating was measured. The results are 
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shown in Fig. 1. 

It is apparent from Fig. 1 that AIH3/ which is the 
hydrogen occluding material according to the present inven- 
tion, releases hydrogen at a lower temperature than NaAlH4. 
It is also apparent that AIH3 releases hydrogen in one 
stage, whereas NaAlH4 releases hydrogen (due to thermal 
dissociation) in two stages. The hatched area in Fig. 1 
corresponds to the amount of hydrogen released. Therefore, 
it is apparent that AIH3 releases more hydrogen than NaAlH4 . 
The amount of hydrogen released from AIH3 is 9 wt%, which 
is close to the theoretical value. 
Example 2 

The sample of AIH3 obtained in Example 1 was mechani- 
cally pulverized by using a three-dimensional ball mill 
(^'TKMAC-1200" from Topologic Systems), which was run at 400 
rpm for 10 minutes. The atmosphere in the ball mill was 
argon. The resulting fine powder of AIH3 was tested for 
hydrogen release in the same way as in Example 1. The 
results are shown in Fig. 3. 

It is apparent from Fig. 3 that the sample of AIH3 
which has been pulverized by ball milling releases hydrogen 
at a lower temperature than the sample of AIH3 remaining 
intact. It is considered that another unsharp peak that 
appears at about 17 0°C is due to AIH3 partly remaining 
uncrushed . 
Example 3 

The sample of AIH3 obtained in Example 1 was doped 
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with titanixom (Ti), and the resulting composite material 
was used as the hydrogen occluding material according to 
the present invention. The source of titanium as the 
dopant was TiCls- Doping was accomplished by mixing the 
two components (in powder form) in an agate mortar for 
about 5 minutes . 

The resulting sample was tested for hydrogen release 
in the same way as in Example 1 . The results are shown in 
Fig. 4. 

It is apparent from Fig. 4 that the composite material 
of AIH3 + Ti, as the hydrogen occluding material according 
to the present invention^ releases hydrogen at a lower 
temperature than the sample of AIH3 in Example 1 . A prob- 
able reason for this is that Ti (as a catalyst) exists on 
the surface of AIH3 so as to promote decomposition into 
hydrogen. 
Example 4 

This example is intended to achieve the effect of 
lowering the hydrogen release temperature of AIH3 by combi- 
nation of doping (as in Example 2) and ball-milling (as in 
Example 3) . 

A sample of the hydrogen occluding material was pre- 
pared by mixing AIH3 with TiCl3 and NaH in a three-dimen- 
sional ball mill in place of an agate mortar. The atmos- 
phere in the ball mill was argon. The resulting sample was 
tested for hydrogen release in the same way as in Example 1. 
The results are shown in Fig. 5. 
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It is apparent from Fig. 5 that there is a peak in the 
neighborhood of lOO^C. This peak is identical with that 
attributable to Ti-doped AIH3. There is also a peak in the 
neighborhood of ISO^C. This peak coincides with that re- 
sulting from ball-milling. This is a peak in the neighbor- 
hood of 200°C. This peak is attributable to NaH. Inciden- 
tally^ there are no sharp peaks below 100°C. It is con- 
cluded that the combination of doping and pulverizing does 
not produce the effect of lowering the hydrogen release 
temperature . 
Example 5 

Since the combination of doping and pulverizing in 
Example 4 did not produce the desired effect, the sample 
obtained in Example 4 was further mixed in the ball mill, 
with the atmosphere therein replaced by hydrogen at 100 atm. 
The resulting composite material was tested for hydrogen 
release in the same way as in Example 1 . The results are 
shown in Fig . 5 . 

It is noted in Fig. 5 that there is a peak (which does 
not appear in Example 4) in. the neighborhood of 85°C. This 
peak seems to have appeared in the following sequence. 
AIH3 releases hydrogen gas while it is being pulverized in 
the ball mill. This hydrogen gas is> occluded again by AIH3 
under a high-pressure atmosphere of hydrogen (100 atm) in 
the ball mill. Then, the hydrogen gas is released at a 
lower temperature owing to the combined effect of Ti doping 
and pulverizing. It was shown that the hydrogen occluding 
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material in this example releases hydrogen gas and then 
occludes it again under a high pressure of hydrogen (100 
atm) in the ball mill. 

The foregoing description is a preferred embodiment of 
the invention and various changes and modifications may be 
made in the invention without departing from the spirit and 
scope thereof. 

For example, the aluminum hydride is not necessarily 
limited to AIH3 mentioned above; however, it may be se- 
lected from any compounds represented by the formula (1) . 

Making a composite material from the aluminum hydride 
(as the main component) and the dopant may be achieved by 
mixing, and there will be several possible ways for mixing. 

The dopant is not limited to titanium (Ti) and NaH 
mentioned above; any dopant will be properly used. 
Exploitation in Industry 

The hydrogen occluding material according to the pre- 
sent invention, which is based on the aluminum hydride 
represented by the formula (1) above, is capable of occlud- 
ing and/or releasing hydrogen at a low temperature in one 
stage. Therefore, it will find use as a practical hydrogen 
occluding material with a light weight and a high capacity. 
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